Highly cation-ordered (100) and (110)-oriented PbSc 0.5 Ta 0.5 O 3 (PST) films were deposited on buffered Si (100) substrates using pulsed laser deposition. Switching of crystal orientation from (100) to (110) was achieved by replacing the Si (100)/ZrO2:Y2O3 (100)/CeO2 (100)/LaNiO3 (100)/PST (100) heterostructure with Si (100)/ZrO2:Y2O3 (YSZ) (100)/SrRuO3 (110)/PST (110). The out-of-plane and in-plane crystal orientation and internal microstructure of (001) and (110) PST films were analyzed in detail by X-ray diffraction, pole figure measurements, and transmission electron microscopy. XRD superstructure reflections indicate that both (100) and (110) PST films are highly cation-ordered and transmission electron microscopy measurements show nano-domains of 15 nm size. The electrical measurements show that the PST films are ferroelectric and that the ferroelectric properties are linked to the microstructure. We have demonstrated the successful integration of PST films on Si substrates with control on growth orientation; this approach can be extended to other oxides to be integrated on silicon substrates for future device applications. 
I. INTRODUCTION
Through the last decade, the advancements in semiconductor-based technology have been a motivation to integrate (multi)functional oxides into the existing Si-based technology for smaller, better, and faster future gadgets. [1] [2] [3] Among these oxides, ferroelectric relaxors are a specific class of functional oxides which offer a large variety of applications to design the next generation microelectromechanical systems (MEMS), 1 actuators, sensors, and electrooptical devices. 4, 5 Since ferroelectric relaxor thin films have the adequacy to integrate economical size design and high performance efficiency, the integration of these ferroelectric thin films on existing silicon circuitry is desirable. In this regard, epitaxial films which offer superior electrical and optical properties compared to polycrystalline films are being explored extensively on Si substrates. 6, 7 Additionally, ferroelectric properties are highly anisotropic and therefore epitaxial fabrication with control on growth direction is essential to utilize the superior ferroelectric properties. 8, 9 PST is a ferroelectric relaxor material possessing a perovskite structure with a general formula of A (B 0 B 00 )O 3 . In PST, A sites are occupied by Pb 2þ cations and B sites are occupied by Sc 3þ and Ta þ5 cations. 10 Since the B-site has the possibility to be occupied by two kinds of cations (Sc 3þ and Ta þ5 ), the alternate occupation of these cations in h111i direction leads to an ordered structure by doubling the unit cell lattice parameters and to corresponding superstructure reflections. For a disordered PST, the B-sites of the cubic perovskite are randomly occupied by both Sc 3þ and Ta   5þ cations. A unique combination of charge and ionic radius difference between the B-site cations facilitate PST to exhibit an either (partially) ordered or completely disordered structural arrangement of B-site cations, which makes it an interesting material scientifically. 11 The degree of cationordering is well known to influence both dielectric and ferroelectric properties of the PST films. In comparison to the disordered/poorly ordered PST films, highly ordered films show improved dielectric as well as ferroelectric properties. Also, depending on the degree of cation-ordering, Curie temperature of PST has been reported to vary between 273 and 300 K. [6] [7] [8] [9] [10] [11] Technologically, PST is very well known for imaging and detection of infrared radiation (IR) due to its high figure of merit. 12, 13 Thus, the epitaxial integration of PST films on Si substrates opens broad opportunities for scientific and technological development. Polycrystalline growth of PST films is well reported in the literature, [14] [15] [16] [17] [18] [19] [20] [21] however, epitaxial growth of PST films is very limited. 6, 11 In this paper, we report on fabrication and orientation control of PST films on Si (100) substrates using pulsed laser deposition (PLD). The microstructure and ferroelectric properties of (100) and (110)-oriented PST films are investigated in detail and possibilities for their use in future technology are discussed.
II. EXPERIMENTAL
The epitaxial growth of highly cation-ordered PST films on natively oxidized Si is a rather complex process due to the large lattice and thermal expansion mismatch and due to structural and chemical incompatibility between film and substrate. 22, 23 However, in this article, these limitations were addressed and overcome by using buffer layers of CeO 2 and a)
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V C 2015 AIP Publishing LLC 117, 044102-1 yttria-stabilized (10 mol. %) zirconia (YSZ) between the PST film and the silicon substrate. [24] [25] [26] [27] In addition, LaNiO 3 (LNO) and SrRuO 3 (SRO) layers were used to control the growth orientation besides serving as a bottom electrode.
The PST thin films used in this work were prepared using a self-made target made by conventional solid-state reaction. For target preparation, the relevant chemicals such as PbO (99.9%, AlfaAesar), Sc 2 O 3 (99.9%, Alfa Aesar), and Ta 2 O 3 (99.85%, Alfa Aesar) were mixed in appropriate ratio by ball milling in ethanol for 10 h and the ball-milled mixture was calcined at 1000 C for 12 h. To compensate the Pb loss during the calcination, 10% more PbO was added, and the final precursor material was pressed into a pellet (target) of 35 mm size diameter. 28 Finally, the target was sintered at 1200 C for 12 h in a lead oxide atmosphere. The selfprepared PST target showed a fairly high density (80% of the theoretical value), and the phase purity of the target was investigated using X-ray diffraction measurements. Fig. 1(a) shows a Rietveld refined XRD pattern of the PST target recorded using the space group Fm 3m. The refinements were performed using the GSAS program. The refined parameters Rwp (weighted profile R value), and v2 (goodness of the fit) are 0.1964 and 1.186, respectively. The calculated pseudocubic lattice parameter of the PST target from the fit was found to be 8.142 Å , which is in a good agreement with the reported values in the literature. 29 All the oxide layers were deposited in situ by ablating stoichiometric targets with KrF excimer laser pulses (wavelength of 248 nm and pulse duration 20 ns) with a 5 Hz repetition rate. The schematic of the PLD setup used for the thin film growth is shown in Fig. 1(b) . Materials used in this study and their structural and deposition temperature information are tabulated in Table I . Si (100) was used as substrate without removing the native oxide. However, prior to the deposition, the substrates were first cleaned using acetone and subsequently ethanol. After the cleaning process, the Si substrates were glued to a substrate holder using silver paste. The glued substrates were heated to 100 C to provide better thermal conductivity and adhesion between Si substrates and substrate holder. To prevent further exposure of the Si substrates to the environment, the substrate holder was immediately loaded into the deposition chamber. A base pressure of 5 Â 10 À7 mbar was maintained in the chamber before raising the substrate temperature and starting the deposition process.
Details on the deposition conditions and the process can be found elsewhere. [30] [31] [32] Besides PST, all the other films were deposited using commercially available targets from PRAXAIR. In this paper, the following two heterostructures [schematically shown in Figs From here on these heterostructures will be addressed as H1and H2, respectively. After the deposition of H1 and H2 heterostructures, the films were cooled down to room temperature in 1 bar oxygen pressure with a cooling rate of 5 K/ min. To facilitate electrical measurements, Pt top electrodes with 60 Â 60 lm 2 size were deposited by radio frequency sputtering at room temperature using a metal shadow mask.
Crystal orientation, epitaxy, and the degree of cationordering in the PST films were determined by a Philips X'Pert MRD X-ray diffractometer using Cu Ka radiation. Mechanical and ion-beam based standard techniques were employed for transmission electron microscopy (TEM) sample preparation. The microstructure of the heterostructures was investigated using TEM and selected area electron diffraction (SAED) patterns using electron microscopes of types Philips CM20T and Jeol 4010 operated at 200 and 400 kV, respectively. Polarization-voltage (P-V) hysteresis loops and switching current-voltage (I-V) characteristics of the PST films were recorded by a modified Sawyer-Tower circuit ferroelectric tester (TF analyzer 2000, aixACCT). The measurements were performed by subjecting the films to bipolar triangular pulses at a frequency of 1 kHz.
III. RESULTS AND DISCUSSIONS
Figs. 2(a) and 2(c) show h-2h scans performed for H1 and H2 heterostructures confirming a (001) and (110)-oriented out-of-plane growth, respectively. In both the heterostructures, PST films were found to crystallize in a pure perovskite phase without the presence of pyrochlore/parasitic phases as shown in Fig. 2 . The out-of-plane epitaxial relationships between the films, buffer layers, and Si substrate for the H1 and H2 heterostructures were found to be (100) PST//(100) pc LNO//(100) CeO 2 //(100) YSZ//(100) Si (cubic indexing is used for all; pc-pseudocubic) and (110) PST// (110) SRO//(100) YSZ//Si (100), respectively. Out-of-plane interplanar spacings of 0.406 nm and 0.287 nm were calculated for (100) and (110)-oriented PST film, respectively, which corresponds to a lattice parameter of 0.812 nm that is close to the refined lattice parameter of bulk PST. The in-plane epitaxy for both H1 and H2 heterostructures was investigated using /-scans.
Using the (220) reflection for the H1 heterostructure, /-scans were performed by tilting the sample with an azimuthal angle of w ¼ 45 for fixed 2h value. Four distinct peaks obtained at an azimuthal angle of 90 for Si, YSZ, and CeO 2 clearly indicate that the Si substrate and the buffer layers have a four-fold rotational symmetry with a cube-oncube epitaxial growth of the buffer layers on the Si substrate. Interestingly, the (220) reflections of LNO (considered pseudocubic) and the PST films also have a fourfold symmetry, though the peaks of these two films are shifted by an azimuthal angle (/) of 45 with respect to the buffer layers and the Si substrate as shown in Fig. 3(a) . The ideal arrangement between the lattice parameters of CeO 2 (a ¼ 0.541 nm) and LNO (a pc ¼ 0.386 nm) facilitate a diagonal growth. 6 Subsequently, a similar kind of growth has been observed for the PST films. The diagonal growth of LNO on CeO 2 is schematically explained in Fig. 3 Similarly, in-plane (/-scans) and pole figure measurements were performed for the H2 heterostructure. As both SRO and PST have (110) out-of-plane orientations, the inplane measurements were performed using (200) reflections. However, (220) reflections were used to perform the /-scans for the YSZ buffer layer and the Si substrate as shown in Fig. 4(a) . Both YSZ and Si showed four distinct peaks confirming a four-fold symmetry and cube-on-cube growth of YSZ on Si. Intriguingly for both SRO and PST films, the obtained reflections are grouped into four sets of two reflection peaks each, with an angle difference (D/) of $20
each. This type of arrangement of peaks emanates from a diagonal-type rectangle-on-cube epitaxy of SRO (110) on YSZ (100) to reduce the lattice mismatch. The lattice mismatch between SRO and YSZ along SROh110ijjYSZh100i is about 8.2% as compared to the lattice mismatch of À23.5% along SROh100ijjYSZh100i directions, which facilitates this type of growth. 33 The four possible domain configurations of SRO (110) on YSZ (100) as observed in /-scans are shown schematically in Fig. 4(b) . Similar to the /-scans, only four sets of peaks were observed in pole figure measurements confirming the epitaxial growth of the PST films on global scale as shown in Fig. 5(a) As discussed earlier, PST can have a (partially) ordered or a completely disordered state. The existence of the superstructure reflections ( 1 = 2 1 = 2 1 = 2 ) around 2h % 18.8 confirms that both heterostructures are indeed highly cation-ordered as shown in Fig. 5(b) . The degree of cation-ordering in PST films is usually induced and enhanced using subsequent heat treatments at high temperatures. However, the PLD-prepared PST films discussed here were found to be highly cationordered in the as-deposited state without the need for additional annealing treatments. 22 The degree of cation ordering is measured using the integrated area of the superstructure reflection ( 1 = 2 1 = 2 1 = 2 ) compared to a reference peak (111) by using the following empirical formula: 11 
S
2 ¼ I ð1=2;1=2;1=2Þ =I ð1;1;1Þ ðobservedÞ I ð1=2;1=2;1=2Þ =I ð1;1;1Þ ðcalculated; S ¼ 1Þ ;
where S is called the order parameter, which is a measure for the degree of cation ordering and I is the integrated intensity of the subscripted reflections. The value of the order parameter (S) for completely ordered and disordered systems is 1 and 0, respectively. The order parameters S $ 70% and 67%, estimated for our PST films in the H1 and H2 heterostructures, respectively, signify that the PST films are highly cation-ordered in both H1 and H2 heterostructures. A detailed TEM investigation was performed to analyze the internal microstructure and thickness of PST, electrode, and buffer layers. Fig. 6(a) shows a transmission electron microscopy (TEM) image of a 220 nm thick PST film on a 80 nm thick LNO bottom electrode layer of a H1 heterostructure. Thicknesses of $55 and 115 nm were observed for the YSZ and CeO 2 buffer layers, respectively. The SAED pattern recorded for the H1 heterostructure indicates the epitaxial growth of the PST film on the buffered Si substrate as shown in Fig. 6(b) . A detailed indexation of the SAED pattern can be found elsewhere. 6 The SAED pattern [ Fig. 6(b) ] shows additional reflections (one of them encircled with red color) which were identified as superstructure reflections supporting our XRD investigation. Using one of the superstructure reflections, a dark field cross-sectional image was recorded as shown in Fig. 6(c) . Regions with different contrast were observed in the cross-sectional dark field image which confirms the presence of nano domains distributed in a disordered matrix. The average size of the nano domains was found to be $15 nm. On analyzing the different areas of the sample, a random distribution of cation-ordered regions was observed in the whole sample. By zooming in on the Si and YSZ interface, a 4 nm thin SiO x layer was found as shown in the high-resolution TEM image in Fig. 6(d) . Earlier Rubloff et al. had reported that the critical pressure above which the SiO 2 layer remains stable is about 7 Â 10 À5 mbar. 34 In this case, YSZ was deposited at an oxygen partial pressure of 6.5 Â 10 À4 mbar, thus the existence of this thin SiO 2 layer could have been expected. The interfaces of all the layers are clearly resolved confirming a good quality growth of all the oxides on Si as shown in Fig. 7 . Fig. 8 shows an H2 heterostructure. The cross-sectional TEM image with SAED patterns [Figs. 8(a) and 8(b)] display the epitaxial growth of a 90 nm thick PST film on 50 nm thick SRO and 85 nm thick YSZ films. The existence of different types of domains due to the large lattice mismatch increases the roughness of the structures which is clearly evident from the TEM cross-sectional image shown in Fig. 8(a) . A specific roof-like morphology was observed for both PST and SRO, while the YSZ is flat and smooth. Due to the large roughness of the H2 heterostructure, we could not analyze the status of cation-ordered domains by TEM, though the PST film is highly cation-ordered as had been shown by the XRD measurements above.
Macroscopic P-V hysteresis loops and I-V switching currents recorded for H1 and H2 heterostructures with their different crystalline orientations at 100 K and room temperature (RT) are shown in Fig. 9 . Distinct switching peaks and typical relaxor ferroelectric loops obtained in I-V and P-V measurements, respectively, demonstrate the ferroelectric nature of the H1 heterostructure at 100 K and RT as shown in Fig. 9(a) . At room temperature, the remnant polarization P r and coercive voltage V c under the application of 5.5 V are about 4 lC/cm 2 and 1.5 V, respectively, which is comparable to the values earlier reported for the PST films on STO substrates. 28 However, it was found that the H2 heterostructure showed poor ferroelectric properties with high leakage current even at 100 K, as shown in Fig. 9(b) . The apparent values of remnant polarization P r and coercive voltage V c are 18 lC/cm 2 and 2 V, respectively, for H2. Room temperature ferroelectric measurements could not be performed due to the high leakage. Quite clearly the poor microstructure had led to poor ferroelectric properties in case of the H2 heterostructure.
IV. CONCLUSIONS
Concluding, we have successfully demonstrated the fabrication process for highly cation-ordered epitaxial PST films on Si substrate. (100) and (110) PST growth orientation was achieved using LNO (100)/CeO 2 (100)/YSZ (100) and SRO (110)/YSZ (100) stacks of electrode and buffer layers, respectively. P-V hysteresis loop measurements performed for both the heterostructures at 100 K and RT confirm that the PST films are ferroelectric. However, the (110)-oriented PST films showed poor ferroelectric properties due to a poor microstructure. This work demonstrates that the integration of PST on Si substrates is principally possible, and this approach can be extended to other oxides for future device applications. 
